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ABSTRACT
We investigate light-curve and spectral properties of ultra-stripped core-collapse su-
pernovae. Ultra-stripped supernovae are the explosions of heavily stripped massive
stars which lost their envelopes via binary interactions with a compact companion
star. They eject only ∼ 0.1 M⊙ and may be the main way to form double neutron-
star systems which eventually merge emitting strong gravitational waves. We follow
the evolution of an ultra-stripped supernova progenitor until iron core collapse and
perform explosive nucleosynthesis calculations. We then synthesize light curves and
spectra of ultra-stripped supernovae using the nucleosynthesis results and present
their expected properties. Ultra-stripped supernovae synthesize ∼ 0.01 M⊙ of ra-
dioactive 56Ni, and their typical peak luminosity is around 1042 erg s−1 or −16 mag.
Their typical rise time is 5 − 10 days. Comparing synthesized and observed spec-
tra, we find that SN 2005ek, some of the so-called calcium-rich gap transients, and
SN 2010X may be related to ultra-stripped supernovae. If these supernovae are actu-
ally ultra-stripped supernovae, their event rate is expected to be about 1 per cent of
core-collapse supernovae. Comparing the double neutron-star merger rate obtained by
future gravitational-wave observations and the ultra-stripped supernova rate obtained
by optical transient surveys identified with our synthesized light-curve and spectral
models, we will be able to judge whether ultra-stripped supernovae are actually a
major contributor to the binary neutron star population and provide constraints on
binary stellar evolution.
Key words: supernovae: general — supernovae: individual: SN 2005ek— supernovae:
individual: SN 2010X — supernovae: individual: PTF10iuv — gravitational waves
⋆ takashi.moriya@nao.ac.jp
1 INTRODUCTION
Multiplicity of massive stars plays an essential role in de-
termining stellar structure at the time of their core collapse
and thus their supernova (SN) properties (e.g., Langer 2012;
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Yoon 2015; Vanbeveren & Mennekens 2015; Marchant et al.
2016). In particular, the lack of hydrogen-rich layers in
progenitors of stripped-envelope core-collapse SNe (i.e.,
Type IIb/Ib/Ic SNe), is often suggested to be caused
by binary interaction (e.g., Wheeler & Levreault 1985;
Ensman & Woosley 1988; Podsiadlowski, Joss, & Hsu 1992;
Nomoto et al. 1994; Shigeyama et al. 1994; Woosley et al.
1994; Bersten et al. 2012, 2014; Fremling et al. 2014;
Ergon et al. 2015; Eldridge et al. 2015; Lyman et al.
2016a). The small typical ejecta mass estimated from
light curves (LCs) of stripped-envelope SNe (≃ 1 − 5 M⊙,
e.g., Sauer et al. 2006; Drout et al. 2011; Taddia et al.
2015; Lyman et al. 2016a), and nucleosynthetic sig-
natures estimated from their spectral modeling (e.g.,
Jerkstrand et al. 2015), support progenitors with rel-
atively small zero-age main-sequence (ZAMS) masses.
The less massive ZAMS mass stars need to remove
their hydrogen-rich envelopes with mass loss caused by
binary interactions because of their inefficient radiation-
driven wind (e.g., Podsiadlowski, Joss, & Hsu 1992;
Nomoto, Iwamoto, & Suzuki 1995; Podsiadlowski et al.
2004b; Izzard, Ramirez-Ruiz, & Tout 2004;
Yoon, Woosley, & Langer 2010; Eldridge, Langer, & Tout
2011; Benvenuto, Bersten, & Nomoto 2013; Lyman et al.
2016a; Eldridge & Maund 2016). It is also known that
mass loss caused by binary interaction is essential to
explain the observational ratio of stripped-envelope SNe
to hydrogen-rich SNe (e.g., Eldridge, Izzard, & Tout 2008;
Eldridge et al. 2013; Smith et al. 2011).
Some Type Ib/Ic SNe are known to have a much faster
LC evolution than others. While typical Type Ib/Ic SNe
reach their peak luminosity in ∼ 20 days (e.g., Drout et al.
2011; Prentice et al. 2016), rapidly-evolving SN LCs rise
in less than ∼ 10 days and decline quickly on a simi-
lar timescale (e.g., Poznanski et al. 2010; Perets et al. 2010;
Kawabata et al. 2010; Kasliwal et al. 2010; Ofek et al. 2010;
Kasliwal et al. 2012; Drout et al. 2013, 2014; Inserra et al.
2015). The simplest way to interpret the rapid LC evolu-
tion of some Type Ib/Ic SNe is that their ejecta mass is
much smaller than in the more slowly evolving SNe (see also,
e.g., Kleiser & Kasen 2014; Drout et al. 2014; Tanaka et al.
2016). LC evolution becomes faster with smaller ejecta mass
because of the smaller diffusion timescale. This is roughly
proportional to (M3ej/Eej)
1/4, where Mej is the ejecta mass
and Eej is the kinetic energy (e.g., Arnett 1982). The ejecta
mass of rapidly-evolving SNe is typically estimated to be
∼ 0.1 M⊙, which is an order of magnitude smaller than
that of typical Type Ib/Ic SNe (e.g., Poznanski et al. 2010;
Kasliwal et al. 2012; Drout et al. 2013).
Type Ib/Ic SNe with rapidly-evolving LCs show diver-
sity in their peak luminosities and spectra. SN 2002bj is
among the first observed rapidly-evolving Type Ib/Ic SNe
and among the brightest with its peak magnitude at around
−18 mag (Poznanski et al. 2010). Many rapidly-evolving
SNe have their peak magnitudes at around −16 mag
with different spectral properties. One example of rapidly-
evolving SNe in this luminosity range is so-called “Ca-rich
gap transients.” They are optical transients whose peak lu-
minosity lie between that of classical novae and SNe and
they show strong Ca lines especially in the nebular phase
(e.g., Kasliwal et al. 2012). Although they are called ”Ca-
rich” transients, they may not necessarily be Ca-rich. What
is indicated from their spectra is that they have a larger frac-
tion of Ca to O than typical Type Ib/Ic SNe. Several pro-
genitor scenarios have been suggested for these events (e.g.,
Perets et al. 2010; Kawabata et al. 2010), but their nature is
not yet clear. There also exist rapidly-evolving SNe with sim-
ilar luminosities to the Ca-rich gap transients but with very
different spectral features such as SN 2005ek (Drout et al.
2013) and SN 2010X (Kasliwal et al. 2010). Another kind
of rapidly-evolving SNe are SN 2002cx-like SNe, which are
also known as Type Iax SNe; they are characterized by their
strong Si and S features with relatively low photospheric ve-
locities and by the wide peak luminosity range covering from
∼ −14 mag to ∼ −19 mag (e.g., Foley et al. 2013).
A number of possibilities have been suggested to
obtain a small ejecta mass to explain the rapidly-
evolving SNe, including some not related to the core
collapse of massive stars (e.g., Moriya & Eldridge 2016;
Dessart & Hillier 2015; Kashiyama & Quataert 2015;
Kleiser & Kasen 2014; Shen et al. 2010; Moriya et al.
2010; Kitaura, Janka, & Hillebrandt 2006). In particuar,
Tauris et al. (2013); Tauris, Langer, & Podsiadlowski
(2015) proposed an “ultra-stripped” core-collapse SN
scenario to explain small ejecta masses. They showed
that tight helium star–neutron star (NS) binary systems,
presumably created in the common-envelope phase from
high-mass X-ray binaries (Tauris & van den Heuvel 2006),
can lead to the extreme stripping of the helium envelope
and result in SNe with ejecta masses of the order of 0.1 M⊙
or less. The SN ejecta mass from these systems is even
less than those typically obtained in SN progenitors from
the first exploding stars (∼ 1 M⊙) during binary evolution
(e.g., Yoon, Woosley, & Langer 2010; Lyman et al. 2016a).
Several studies have investigated the observational
properties of stripped-envelope SNe with ejecta larger than
1 M⊙ coming from progenitors obtained from binary stel-
lar evolution (e.g., Dessart et al. 2015). However, few LC
and spectral studies have been carried out for ultra-stripped
SNe. A previous study of ultra-stripped SNe (Tauris et al.
2013) only provided LC models. Because there are several
proposed ways to make SNe with rapidly-evolving LCs, LC
information is not sufficient to identify ultra-stripped SNe
observationally. In addition, the 56Ni mass was treated as a
free parameter in the previous study. In this paper, we in-
vestigate not only LCs but also spectral properties of ultra-
stripped SNe by performing explosive nucleosynthesis calcu-
lations which provide an appropriate estimate for the 56Ni
mass synthesized during the explosion, so that we can have
a better understanding of their observational signatures and
identify ultra-stripped SNe observationally.
Ultra-stripped SNe are closely connected to the forma-
tion of double NS systems. It was argued by Tauris et al.
(2013); Tauris, Langer, & Podsiadlowski (2015) that all
double NS systems formed in the Galactic disk (i.e., out-
side dense environments such as globular clusters) which
are tight enough to merge within a Hubble time must
have been produced from an ultra-stripped SN. There-
fore, ultra-stripped SNe are related to sources of gravita-
tional waves detected by LIGO (e.g., Abadie et al. 2010).
In addition, double NS systems which merge are sug-
gested to cause short gamma-ray bursts (Blinnikov et al.
1984; Paczynski 1986; Narayan, Paczynski, & Piran 1992)
and r-process element nucleosynthesis (e.g., Rosswog et al.
c© 2016 RAS, MNRAS 000, 1–15
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Figure 1. Evolution of the central density and temperature of
our ultra-stripped SN progenitor obtained with MESA. We also
present the central density and temperature evolution obtained
by Tauris et al. (2013) with BEC.
1999; Argast et al. 2004; Hirai et al. 2015), possibly fol-
lowed by a so-called “kilonova” (e.g., Metzger et al. 2010;
Barnes & Kasen 2013; Tanaka & Hotokezaka 2013). How-
ever, to produce a double NS system a massive binary must
survive two SN explosions. A binary system is likely to
be disrupted by the first SN explosion because of a com-
bination of sudden mass loss and a kick imparted to the
newborn NS (Brandt & Podsiadlowski 1995). Ultra-stripped
SNe, on the other hand, eject very little mass and are un-
likely to have large NS kicks in general because of their
rapid explosions (Podsiadlowski et al. 2004a; Suwa et al.
2015; Tauris, Langer, & Podsiadlowski 2015). Thus, ultra-
stripped SNe avoid these two major obstacles in forming
double NS systems and are therefore likely to produce sys-
tems which lead to merger events if the post-SN orbital
period is short enough. Future constraints on the observed
rate of ultra-stripped SNe can be directly compared to the
double NS merger rate determined from gravitational wave
observations (Tauris, Langer, & Podsiadlowski 2015). This
can be used to verify their evolutionary connection. The
merger rate of double NS systems will be known within a
few years when LIGO/VIRGO reach full design sensitiv-
ity. We refer to Abadie et al. (2010); Berry et al. (2015);
Abbott et al. (2016b) for detailed reviews on the expected
merger rates.
This paper is organized as follows. Section 2 presents the
numerical methods we adopt in our study. Our synthetic LC
and spectral models are presented in Section 3. We compare
our results with observations in Section 4. We discuss our
results in Section 5 and conclude this paper in Section 6.
2 METHOD
2.1 Progenitor
We investigate the observational properties of explo-
sions originating from the ultra-stripped SN pro-
genitor presented in Tauris et al. (2013) (see also
Tauris, Langer, & Podsiadlowski 2015). This is a typi-
cal model of ultra-stripped SNe. The total progenitor mass
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Figure 2. Progenitor density structure at core collapse. We also
show the density structure from the model of Tauris et al. (2013)
which is shortly after off-center oxygen ignition, some ∼10 years
prior to core collapse. We show the density structure at the col-
lapse from Suwa et al. (2015) from the progenitor having the same
carbon+oxygen core mass of 1.45 M⊙ as our model.
at explosion is 1.50 M⊙ with a carbon+oxygen core of
1.45 M⊙. The helium ZAMS mass of the progenitor was
2.9 M⊙. Tauris et al. (2013) evolved the progenitor until
shortly after the onset of off-center oxygen burning using the
BEC binary stellar evolution code (Yoon, Woosley, & Langer
2010 and references therein). Although the remaining time
to collapse is estimated to be about 10 years and the final
progenitor mass does not change until the collapse, the
density in the inner layers of the progenitor increases signif-
icantly in the remaining time. As the final density structure
is critical for the explosive nucleosynthesis results, we need
to follow the progenitor evolution until core collapse. The
BEC code is not suitable for this.
In order to obtain a SN progenitor evolved until core
collapse, we therefore used the public stellar evolution code
MESA (Paxton et al. 2011, 2013, 2015). We used the same
physical parameters as in the Tauris et al. (2013) BEC calcu-
lations in MESA. In particular, we used a mixing length pa-
rameter of 2 with a semiconvection efficiency parameter of 1.
As the core mass is rather small, weak reactions play an im-
portant role in the evolution of the core approaching collapse
(e.g., Takahashi, Yoshida, & Umeda 2013; Jones et al. 2013;
Schwab, Quataert, & Bildsten 2015). Therefore we used the
large nuclear network ‘‘mesa151.net’’ provided in MESA,
which includes 151 nuclei up to 65Ni with important weak re-
actions such as electron capture by 33S and 35Cl. We stopped
the calculation when the stellar core started to infall with a
speed of 1,000 km s−1.
First, we evolved a star starting from the helium
ZAMS as is done by Tauris et al. (2013), but as a sin-
gle star. Because the mass lost by the binary interactions
like Roche-lobe overflow is known from the binary calcu-
lation of Tauris et al. (2013), we imposed their mass loss
in our single-star evolution calculation. Thus, our single-
star evolution calculation takes mass loss caused by bi-
nary stellar evolution into account in a simplified way.
Tauris et al. (2013) obtained a 1.50 M⊙ helium star with
a carbon+oxygen core of 1.45 M⊙ from a helium ZAMS
c© 2016 RAS, MNRAS 000, 1–15
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star of 2.90 M⊙ which suffers from Roche-lobe overflow to
a NS with initial orbital period of 0.1 days. We slightly
increased the initial helium mass to 2.949 M⊙ in order
to obtain the same carbon+oxygen core mass after the
core helium burning in our MESA calculation. The evolu-
tion of the central density and temperature is presented in
Fig. 1. We find that the internal evolution of our progen-
itor is essentially the same as that in Tauris et al. (2013)
up to the point they succeeded to follow. The star forms
an Fe core and collapses as was presumed by Tauris et al.
(2013); Tauris, Langer, & Podsiadlowski (2015). It is sug-
gested that low-mass core-collapse SN progenitors experi-
ence violent silicon flashes shortly before the core collapse
(Woosley & Heger 2015), but we do not find such a flash
in our model. If such a flash occurs, it may result in a cre-
ation of a dense helium-rich circumstellar medium around
the progenitor and the SN may be observed as Type Ibn
(e.g., Moriya & Maeda 2016).
The final density structure of the progenitor at collapse
is presented in Fig. 2. The abundance of the Fe-group el-
ements sharply increases at an enclosed mass of 1.35 M⊙,
while the electron fraction sharply decreases there. Thus,
we estimate that the final iron-core mass at the time of col-
lapse is 1.35 M⊙. This iron-core mass is comparable to that
obtained recently by Suwa et al. (2015) (1.33 M⊙) from a
progenitor model with a similar carbon+oxygen core mass
as ours (1.45 M⊙). We compare our progenitor with that of
Suwa et al. (2015) in Fig. 2. The internal structure of the
collapsing models is similar. We also show for comparison
the density structure obtained with the BEC code at a time
∼10 years prior to core collapse.
2.2 Nucleosynthesis
The collapsing progenitor described in the previous section
was then used to follow the explosive nucleosynthesis. Nu-
merical calculations of explosive nucleosynthesis were per-
formed with the same numerical code as in previous stud-
ies of explosive nucleosynthesis in core-collapse SNe (e.g.,
Nakamura et al. 2001; Tominaga, Umeda, & Nomoto 2007).
It is a one-dimensional explicit Lagrangian hydrodynam-
ics code in which a piece-wise parabolic method is adopted
(Colella & Woodward 1984). The α-network is coupled with
hydrodynamics and detailed nucleosynthesis calculations are
performed as post-processing modelling. We used a reac-
tion network including 280 isotopes up to 79Br (Table 1 in
Umeda & Nomoto 2005).
2.3 Explosive hydrodynamics and light curves
Synthetic LCs were numerically obtained using the one-
dimensional multi-group radiation hydrodynamics code
STELLA (Blinnikov & Bartunov 1993; Blinnikov et al.
1998; Blinnikov & Sorokina 2004; Blinnikov et al. 2006;
Baklanov, Blinnikov, & Pavlyuk 2005; Sorokina et al.
2015). STELLA has been used to model SN LCs of various
kinds, including ultra-stripped SNe (Tauris et al. 2013). We
take the progenitor structure above a mass cut and inject
thermal energy at the bottom of the structure to initiate
the explosion. The amount of thermal energy injected is
Eej + Ebind, where Ebind is the total binding energy of the
progenitor. We used the chemical composition obtained
from explosive nucleosynthesis.
We show LC and spectral models obtained using two
different mass cuts, at 1.30 M⊙ and 1.35 M⊙, respectively. A
mass-cut of 1.35 M⊙ corresponds to the final iron-core mass
of the progenitor model. Suwa et al. (2015) obtained a final
NS baryonic mass of 1.35 M⊙ from an explosion using the
same carbon+oxygen core mass. Tauris et al. (2013) used
a mass cut of 1.30 M⊙. Both the small Fe core mass of
our progenitor model and simulations by Suwa et al. (2015)
suggest that the mass cut is likely to be small.
2.4 Spectra
The spectral properties of ultra-stripped SNe have been
investigated using the Monte Carlo spectral synthe-
sis code developed by Mazzali & Lucy (1993). We re-
fer to Mazzali & Lucy (1993); Lucy (1999); Mazzali
(2000); Tanaka et al. (2011) for details. This code has
been used for many SN spectral synthesis studies
(e.g., Mazzali, Lucy, & Butler 1992; Mazzali et al. 1993;
Mazzali, Iwamoto, & Nomoto 2000; Tanaka et al. 2011).
The code is applicable in early phases of SNe when a
photosphere exists in the ejecta from where photons are
assumed to be emitted with a blackbody spectrum. The
code requires a density structure, abundances, position of
the photosphere, and emerging SN luminosity to synthe-
size spectra. We used the average abundances of the models
obtained from the nucleosynthesis calculations (Table 1) in
our spectral modelling. We did not assume stratification of
chemical elements in the SN ejecta because the ejecta mass
is small and the ejecta are likely to be well mixed (e.g.,
Hachisu et al. 1991). We took the density structure and lu-
minosity from STELLA. The spectral code assumes homolo-
gous expansion of the SN ejecta, which is satisfied in every
model we present in this paper. A converging model is ob-
tained by changing photospheric velocity and temperature
in the spectral synthesis code.
Our models contain a large fraction of helium, and
some rapidly-evolving SNe are of Type Ib. However, the
code we mainly use does not include non-thermal exci-
tation of helium which is essential in modelling helium
features in SN spectra (e.g., Lucy 1991; Mazzali & Lucy
1998; Hachinger et al. 2012). We investigate the effect of
non-thermal helium excitation using a code developed by
Hachinger et al. (2012) and find that non-thermal excita-
tion does not have a strong effect on the spectra we present
in this study (Section 3.3.3).
3 RESULTS
3.1 Nucleosynthesis
We calculated explosive nucleosynthesis for three different
explosion energies: 0.10, 0.25, and 0.50 B (1 B ≡ 1051 erg).
We investigated these small explosion energies based on
the recent explosion simulations of ultra-stripped SNe by
Suwa et al. (2015). They found that ultra-stripped SNe ex-
plode via the neutrino-driven mechanism and have small
explosion energies, of the order of 0.1 B.
The results of our nucleosynthesis calculation for the
c© 2016 RAS, MNRAS 000, 1–15
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Table 1. Explosive nucleosynthesis results of the 1.50 M⊙ model for different ejecta masses and explosion energies. Mass fractions at
the end of the nucleosynthesis calculations are presented. The value in each column, a (x), means that the corresponding mass fraction
is a× 10x. The abundance estimated for SN 2005ek based on its peak spectrum (Drout et al. 2013) is also shown. Tmax is the maximum
temperature reached during the explosive nucleosynthesis calculations.
element Mej = 0.20 M⊙ Mej = 0.15 M⊙ SN 2005ek
0.50 B 0.25 B 0.10 B 0.50 B 0.25 B 0.10 B
He 2.4 (−1) 2.3 (−1) 2.2 (−1) 3.0 (−1) 2.9 (−1) 2.8 (−1) -
C 4.3 (−2) 4.5 (−2) 4.7 (−2) 5.8 (−2) 6.0 (−2) 6.3 (−2) 2.0 (−2)
O 1.7 (−1) 1.8 (−1) 1.9 (−1) 2.3 (−1) 2.4 (−1) 2.5 (−1) 8.6 (−1)
Ne 5.2 (−2) 6.9 (−2) 7.9 (−2) 7.0 (−2) 9.2 (−2) 1.1 (−1) -
Mg 2.3 (−2) 2.5 (−2) 2.6 (−2) 3.0 (−2) 3.4 (−2) 3.5 (−2) 8.2 (−2)
Si 5.1 (−2) 5.3 (−2) 6.0 (−2) 6.7 (−2) 7.0 (−2) 8.0 (−2) 2.5 (−2)
S 2.4 (−2) 2.5 (−2) 2.3 (−2) 3.2 (−2) 3.4 (−2) 4.0 (−2) 8.0 (−3)
Ca 3.9 (−3) 4.4 (−3) 5.1 (−3) 5.2 (−3) 5.8 (−3) 6.7 (−3) 1.2 (−3)
Sc 1.0 (−6) 1.0 (−6) 3.4 (−7) 4.3 (−7) 1.1 (−6) 3.8 (−7) -
Ti 1.3 (−4) 7.2 (−5) 2.8 (−5) 1.3 (−4) 7.8 (−5) 3.1 (−5) 3.3 (−4)
V 3.2 (−6) 5.8 (−6) 2.4 (−6) 2.4 (−6) 6.6 (−6) 2.8 (−6) -
Cr 2.7 (−4) 2.2 (−4) 1.9 (−4) 3.0 (−4) 2.6 (−4) 2.4 (−4) 3.3 (−4)
Mn 1.9 (−5) 2.6 (−5) 2.8 (−5) 2.4 (−5) 3.4 (−5) 3.8 (−5) -
Fe 3.3 (−3) 4.3 (−3) 6.0 (−3) 4.3 (−3) 5.7 (−3) 8.0 (−3) 1.5 (−3)
Co 2.8 (−4) 4.0 (−4) 5.8 (−4) 3.7 (−4) 5.3 (−4) 7.7 (−4) 1.2 (−3)
56Ni mass 0.034 M⊙ 0.030 M⊙ 0.026 M⊙ 0.031 M⊙ 0.027 M⊙ 0.021 M⊙ 0.03 M⊙
Tmax/109 K 14 12 11 7.5 6.6 6.0 -
case of Eej = 0.25 B is shown in Fig. 3. Table 1 shows the
final average abundances in the ejecta for all energies and
mass cuts we applied. One of the most important elements
determining SN properties is the mass of 56Ni synthesised
in the explosion. We find that the 56Ni masses range from
0.034 to 0.021 M⊙ depending on explosion energy and mass
cut (Table 1).
3.2 Light curves
Figure 4 shows the bolometric LCs of ultra-stripped SNe
obtained in this study. After shock breakout, the bolomet-
ric LCs decline in the first 1 day owing to adiabatic cool-
ing of the ejecta. Then, when the heating from 56Ni decay
becomes dominant, the bolometric luminosity starts to in-
crease again. The peak luminosity is approximately propor-
tional to the initial 56Ni mass. In most cases, the peak lumi-
nosity does not exactly match that expected from a simple
estimate based on Arnett (1982): it is larger by up to 50 per
cent. The rise time and peak luminosity are consistent with
those estimated in Tauris, Langer, & Podsiadlowski (2015)
by using an analytic approach.
Figure 5 shows multi-color LCs of the same models with
several Bessel filters (Bessell 1990). Optical LCs presented
in Fig. 5 show some differences from the bolometric LCs. In
particular, optical LCs show a first LC peak at times when
bolometric LCs monotonically decline. This is a consequence
of the cooling of the ejecta, which shifts the spectral peak
to longer wavelengths as time goes on. Therefore, LCs in
redder bands peak later.
In the models presented so far, we have used the chem-
ical structure from the explosive nucleosynthesis modeling
(cf. Fig. 3) and did not take into account the effect of mix-
ing. To demonstrate the effect of mixing on the LCs, we show
a LC in which 56Ni is uniformly mixed in the entire ejecta
(Fig. 6). Because of the presence of 56Ni in the outer lay-
ers, heating by 56Ni in ejecta is more efficient early on and
the rise time becomes shorter in the mixed model. How-
ever, at late phases, the gamma-rays in the outer layers are
less trapped because of the smaller optical depth. Thus, the
luminosity of the mixed model is less than that of the non-
mixed model by about 50%. The decline rate after the LC
peak is not strongly affected by mixing.
3.3 Spectra
3.3.1 Peak spectra
We present synthetic spectra at maximum light in Fig. 7.
We focus on this epoch’s spectra because this is when ultra-
stripped SNe are most likely to be observed. We compare
these synthetic spectra with observations in Section 4.2.
Spectral features primarily depend on elemental abun-
dances, photospheric temperature, and photospheric veloc-
ity. We used the mixed composition in Table 1 for our spec-
tral modelling. Figure 8 shows the photospheric velocities
and temperatures obtained by fitting the blackbody func-
tion to the spectral energy distributions (SEDs) obtained
from STELLA. The photosphere here is defined as the loca-
tion where the Rosseland mean optical depth is 2/3. The
circles in Fig. 8 represent the values in the converged spec-
tral models of Mej = 0.20 M⊙ and Eej = 0.25 B shown in
Fig. 9. The photospheric temperature and velocity from the
LC code and the spectral code match within 10 per cent.
Line shifts and broadening in spectra depend on the
photospheric velocity. Because velocity is proportional to
(Eej/Mej)
1/2, Eej/Mej is a good indicator of these properties.
The models with Eej = 0.25 B have Eej/Mej ≃ 1 B/M⊙,
which is similar to typical SNe Ia.
There are several notable features in our synthetic peak
spectra. First of all, there are relatively strong Si ii features,
particularly Si ii λ6355. In some models, especially in the
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Figure 5. Multi-color LCs for the models shown in Fig. 4.
spectra with relatively small explosion energy, we can also
see the C ii λ6582 feature next to Si ii λ6355. We can find
some S ii features between 5000 A˚ and 6000 A˚. O i λ7774
and Ca ii IR triplet around 8000 A˚ are also seen. The strong
Ca feature in the Mej = 0.15 M⊙ and Eej = 0.50 B model
is due to Ca ionization as is discussed in the next section.
3.3.2 Temporal evolution
We show the temporal evolution of our synthetic spectra
with Mej = 0.20 M⊙ and Eej = 0.25 B in Fig. 9. We first
present the spectrum at 0.5 days after the explosion, which
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Figure 7. Synthetic spectra at bolometric LC peak for various
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is still in the cooling phase after shock breakout (Fig. 4).
This epoch roughly corresponds to the time when the optical
LCs show the first peak (Fig. 5). The spectra during these
very early epochs are similar to those of broad-line Type Ic
SNe (SNe Ic-BL) because the photosphere is located in the
high-velocity outer layers at that time (cf. Fig. 8).
Up to about 2.5 days after the explosion, a strong Ca
absorption is observed between 7000 A˚ and 8000 A˚. These
broad features disappear by the time of LC peak, when the
photospheric temperature becomes hot enough to change
the Ca ionization level. The broad feature starts to appear
again about 9 days after the explosion as the photosphere
cools. There is no significant evolution in the spectra around
LC peak, and the spectra quickly evolve to become nebular
soon thereafter. A further study of the late-time spectra is
beyond the scope of this paper.
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Figure 8. Photospheric temperature and velocity of the models
from our STELLA LC calculations (solid and dotted lines). The
filled circles indicate the results of the spectral synthesis code
using the density structure from STELLA for the Mej = 0.20 M⊙,
Eej = 0.25 B model. The synthesized spectra are presented in
Fig. 9.
3.3.3 Helium features
Our progenitor contains about 0.03 M⊙ of helium. This is
close to the maximum helium mass that can be hidden with-
out showing significant spectral features in relatively low-
mass SNe Ib/Ic (about 0.1 M⊙ of He Hachinger et al. 2012).
It is important to judge whether ultra-stripped SNe from
our progenitor are expected to be observed as Type Ib or
Type Ic. However, the spectral synthesis code we have used
so far does not take the non-thermal excitation required for
helium excitation into account. Here, we show a spectral
model where the effect of the non-thermal excitation is taken
into account. The spectrum was computed with the spectral
synthesis code described in Hachinger et al. (2012).
Figure 10 shows the spectrum including non-thermal
excitation. In the optical range the spectrum is not strongly
affected by non-thermal effects. Helium lines remain invisible
except for the intrinsically strong λ10830 multiplet. There-
fore, non-thermal excitation does not seem to cause signifi-
cant changes to the spectra of ultra-stripped SNe.
The fact that He i remains practically invisible in our
spectra, while 0.1M⊙ of helium could be detected in the SN
Ib/Ic models of Hachinger et al. (2012), is not only due to
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Figure 9. Temporal evolution of spectra for the model with
Mej = 0.20 M⊙ and Eej = 0.25 B.
the somewhat smaller amount of 56Ni in our models. It can
also be traced back to the fact that spectral temperatures
are relatively high in our models, such that the non-thermal
excitation effects rather result in a high ionization fraction
(i.e. dominance of He ii) than in a large occupation number
within He i excited states possibly generating lines. This is a
situation somewhat similar to that of SLSNe (Mazzali et al.
2016).
4 COMPARISON WITH OBSERVATIONS
4.1 Light curves
Figure 11 shows a comparison between our synthetic LCs
and observational data of rapidly-evolving SNe. The com-
parison is shown both in bolometric luminosity and in the
B band. Overall, our LCs are consistent with faint rapidly-
evolving SNe with peak luminosity of ∼ 1042 erg s−1 (i.e., ∼
−16 mag). Luminous SNe like SN 2002bj require more than
0.1 M⊙ of
56Ni to explain the peak luminosity by 56Ni, which
is inconsistent with the small amount of 56Ni (∼ 0.01 M⊙)
we expect in our ultra-stripped SNe. Ultra-stripped SN LCs
are consistent with those of rapidly-evolving faint SNe (e.g.,
SN 2010X, PS1-12bb, and SN 2008ha), the so-called Ca-
rich gap transients (e.g., PTF10iuv and SN 2005E), and
SN 2005ek.
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Figure 11. Comparison between our synthetic and ob-
served bolometric (top) and B-band (bottom) LCs of rapidly-
evolving SNe. These are from Drout et al. (2014) (PS1-
12bb), Kasliwal et al. (2010) (SN 2010X), Drout et al. (2013)
(SN 2005ek), Poznanski et al. (2010) (SN 2002bj), Kasliwal et al.
(2012) (PTF10iuv), Perets et al. (2010) (SN 2005E), and
Foley et al. (2009) (SN 2008ha).
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4.2 Spectra
We compare our models with observed near-LC-peak spec-
tra of some rapidly-evolving SNe , i.e., SN 2005ek, two Ca-
rich gap transients (PTF10iuv and SN 2005E), SN 2010X,
SN 2002bj, and a SN 2002cx-like SN 2007qd. The observed
spectra are taken from WISeREP1 (Yaron & Gal-Yam
2012). We use synthetic spectra of 0.25 B for comparison,
as there are no significant differences in spectral features
(except for velocity) caused by the difference in the explo-
sion energy in most spectra (Fig. 7). We correct the extinc-
tion of observed spectra by using the Galactic extinction law
of Cardelli, Clayton, & Mathis (1989) assuming RV = 3.1.
The redshifts and extinctions applied are, z = 0.017 and
E(B−V ) = 0.21 mag for SN 2005ek (Drout et al. 2011), z =
0.02 and E(B − V ) = 0 mag for PTF10iuv (Kasliwal et al.
2012), z = 0.0090 and E(B−V ) = 0.098 mag for SN 2005E
(Perets et al. 2010), z = 0.015 and E(B − V ) = 0.146 mag
1 http://wiserep.weizmann.ac.il
for SN 2010X (Kasliwal et al. 2010), z = 0.012 and E(B −
V ) = 0 mag for SN 2002bj (Poznanski et al. 2010), and
z = 0.043 and E(B − V ) = 0.035 mag for SN 2007qd
(McClelland et al. 2010).
4.2.1 SN 2005ek
SN 2005ek was suggested to be a SN whose progenitor ex-
perienced extensive mass stripping by binary interactions
(Drout et al. 2013). Its LC was shown to be consistent with
our ultra-stripped SN model (Tauris et al. 2013), but the
spectral properties have not yet been compared.
Figure 12 shows a comparison between synthetic spectra
obtained from our ultra-stripped SN models and the spec-
trum of SN 2005ek one day before LC peak. Overall, con-
tinuum features and velocity shifts of the synthetic spectra
match the observed spectrum well. In particular, the charac-
teristic features in the red part of the spectrum of SN 2005ek,
i.e., C i λ6582, O i λ7774, and Ca ii IR triplet, are all well
reproduced by the Mej = 0.20 M⊙ model.
Our models predict stronger Si ii features than seen in
SN 2005ek. We find that we can obtain a better match by
reducing the Si abundance from 0.053 to 0.003 and increas-
ing the O abundance from 0.18 to 0.23 (Fig. 13). The strong
Si features in the original ultra-stripped SN model may also
be due to our assumption of fully-mixed ejecta. The aver-
age Si abundance used in the spectral modelling is around
0.05, while most of the outer layers have smaller fractions ini-
tially (Fig. 3). The smaller abundances may result in weaker
Si features especially at early times. Thus, our assumption
of full mixing may be too simplistic and SN 2005ek might
have had a rather smaller degree of mixing. This may also
explain the significant drop in flux below ∼ 3500 A˚ in the
model: a larger degree of mixing results in more Fe-group
elements in the outer layers, leading to more line blocking
which suppresses the NUV flux.
4.2.2 Ca-rich gap transients (PTF10iuv and SN 2005E)
Fig. 11 shows the LCs of two Ca-rich gap transients,
PTF10iuv and SN 2005E. Their peak luminosity is slightly
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Figure 14. Comparison between our synthetic spectra and the observed near-maximum spectra of the Ca-rich gap transients PTF10iuv
(Kasliwal et al. 2012) and SN 2005E (Perets et al. 2010).
smaller than that of our ultra-stripped SNe, but the
timescales of the LC evolution as well as the LC decline
rates are similar. Efficient mixing in the ejecta may make
the luminosity of our models slightly lower (Fig. 6), which
motivates us to investigate their spectra.
Figure 14 shows a spectral comparison near peak lu-
minosity. The spectral features including velocity shifts of
PTF10iuv (top panels of Fig. 14) match our models well.
Prominent features in PTF10iuv, such as Si ii λ6347, O i
λ7772, and Ca ii λ8542 are also well reproduced. We find
relatively strong Si and Ca lines from our core-collapse pro-
genitors because of the small values of the explosion energy
and the progenitor mass. The overall color of PTF10iuv is
consistent with our model. In summary, the LC and spec-
tral properties of PTF10iuv are overall consistent with our
ultra-stripped SN models.
On the other hand, our ultra-stripped SN spectral mod-
els are not consistent with the spectral features of the other
Ca-rich gap transient, SN 2005E, very well, as shown in the
bottom panels of Fig. 14. This indicates that there may be
several kinds of progenitors for Ca-rich gap transients, of
which some could be related to ultra-stripped SNe.
Ca-rich gap transients are typically found in remote lo-
cations from the center of their host galaxies (Kasliwal et al.
2012; Lyman et al. 2014, 2016b; Foley 2015). For example,
PTF10iuv was 40 kpc away from the closest host galaxy
candidate (Kasliwal et al. 2012). This fact is used to re-
late Ca-rich gap transients to explosive events related to
white dwarfs. However, Ca-rich transients are also found
in the intergalactic space of merging galaxies (e.g., Foley
2015), where star formation is likely to take place (e.g.,
Mullan et al. 2011). Some massive stars are also known
to exist very far from apparent star forming regions (e.g.,
Smith, Andrews, & Mauerhan 2016). It is also interesting
to note that white dwarf mergers may actually end up as
core-collapse SNe and could lead to SNe with similar prop-
erties to our ultra-stripped SNe (e.g., Nomoto & Iben 1985;
Schwab, Quataert, & Kasen 2016). As we suggest here, Ca-
rich gap transients can have different origin. Those found
far from any host galaxy may be unrelated to ultra-stripped
SNe. The faint nature of ultra-stripped SNe may also pre-
vent them from being found in bright star-forming regions
such as in galactic disks.
4.2.3 SN 2010X
SN 2010X was a rapidly-evolving Type Ib SN. Its ejecta
mass was estimated to be ∼ 0.16 M⊙ and its
56Ni mass to be
∼ 0.02 M⊙ (Kasliwal et al. 2010). These properties, as well
as the LC evolution are similar to those of our ultra-stripped
SNe (Fig. 11). SN 2010X had spectral characteristics similar
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Figure 15. Comparison between our synthetic spectra and the spectrum of SN 2010X (Kasliwal et al. 2010) near LC peak.
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Figure 17. Comparison between our synthetic spectra at maxi-
mum and the observed spectrum of the SN 2002cx-like SN 2007qd
near maximum (McClelland et al. 2010).
to SN 2002bj, which we discuss in the next section, but it
was much fainter.
We compare our spectra with that of SN 2010X near
LC peak in Fig. 15. Overall spectral features match well,
especially the model with Mej = 0.15 M⊙. The Si ii λ6355
is predicted to be slightly stronger, but a small reduction
of the Si abundance or a slightly smaller degree of mixing
could reduce the strength of this line as was discussed for
SN 2005ek. Therefore, SN 2010X may also be related to
ultra-stripped SNe.
4.2.4 SN 2002bj
SN 2002bj was one of the first rapidly-evolving SNe to be
reported (Poznanski et al. 2010). If SN 2002bj was powered
by 56Ni, the amount of 56Ni required to explain its peak
luminosity is 0.15 − 0.25 M⊙ (Poznanski et al. 2010, see
also Fig. 11). The amount of 56Ni required is much larger
than what we expect from ultra-stripped SNe, and the 56Ni
mass alone is comparable to the total ejecta mass expected
from ultra-stripped SNe. This suggests that SN 2002bj is
unlikely to be related to ultra-stripped SNe. Nonetheless,
we show the comparison between our synthetic spectra and
that of SN 2002bj. As expected, the match is not very good
(Fig. 16).
4.2.5 SN 2002cx-like (Type Iax) SNe
SN 2002cx-like SNe, which are often referred as Type Iax
SNe, are a peculiar type of SN Ia with fainter peak luminos-
ity. Their origin is still under discussion (e.g., Foley et al.
2016). Although many of them have peak magnitudes
brighter than −17 mag (see Foley et al. 2016 for a summary)
and are thus too bright to be ultra-stripped SNe, some of
them do have fainter peak luminosity (e.g., Stritzinger et al.
2014; McClelland et al. 2010). We take one faint SN 2002cx-
like SN, SN 2007qd (McClelland et al. 2010), which is in the
expected peak luminosity range for ultra-stripped SNe, and
compare its spectrum at the peak luminosity with our syn-
thetic spectra.
Figure 17 shows the comparison. SN 2002cx-like SNe
have much lower velocities than our synthetic ultra-stripped
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Table 2. Ultra-stripped SN candidates. An ‘X’ or an ‘x’ indicate
whether or not the SN properties match those expected of ultra-
stripped SNe.
SN LC velocity Si Ca
SN 2005ek X X X X
PTF10iuv (Ca-rich gap) X X X X
SN 2005E (Ca-rich gap) X x x X
SN 2010X X X X X
SN 2002bj x x x x
SN 2007qd (02cx-like) X x X ?
SN spectra. A low photospheric velocity is a commonly ob-
served feature of faint SN 2002cx-like SNe. Our model with
the smallest explosion energy (0.10 B) may have a photo-
spheric velocity similar to that of some SN 2002cx-like SNe
(Fig. 8), but it still seems to fail to reproduce crowded,
unblended line features. In addition, the spectra of ultra-
stripped SNe evolve quickly to the nebular regime, while
the spectra of SN 2002cx-like SNe do not (e.g., Sahu et al.
2008; Foley et al. 2016).
4.3 Summary
Table 2 summarizes the results of the comparison between
our ultra-stripped SN models and possible observational
counterparts. We find that SN 2005ek, PTF10iuv (Ca-rich
gap transient), and SN 2010X match our synthetic ultra-
stripped SN LCs and spectra.
5 DISCUSSION
5.1 Diversity
We have investigated the observational properties of an
ultra-stripped SN explosion from a progenitor with a
mass of 1.50 M⊙. Depending on the initial binary pa-
rameters and the helium ZAMS mass of the progeni-
tor, the final total mass and core mass vary consider-
ably (Tauris, Langer, & Podsiadlowski 2015). However, re-
cent numerical simulations of explosions of ultra-stripped
core-collapse SNe find that the explosion energy and the syn-
thesized 56Ni mass do not change significantly among pro-
genitors of different core masses (Suwa et al. 2015). Thus,
the explosion energy and 56Ni mass values investigated
in this paper are likely to remain similar even in differ-
ent ultra-stripped SN progenitors. The low spread in the
56Ni masses found in our models suggests that the peak
luminosity should be roughly similar in all ultra-stripped
SNe, although the LC rise time can vary depending on
the ejecta mass (Tauris, Langer, & Podsiadlowski 2015). In
our one-dimensional model the 56Ni mass ejected depends
on the mass cut, but Suwa et al. (2015) obtained similar
56Ni masses in their multi-dimensional explosion simula-
tions. Thus, the spectral signatures we find in this study
for a particular progenitor model are likely to be generic for
ultra-stripped SNe.
A possible major source of diversity in ultra-stripped
SN properties that may be caused by differences in their
progenitors is their SN spectral type, which is determined
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Figure 18. Characteristics of ultra-stripped SNe in the phase-
space diagram of optical transients from Kulkarni (2012).
by the ejected helium mass. In the progenitor model we
used in this study, there are 0.03 M⊙ of helium in an
ejected mass of 0.15 − 0.20 M⊙. Although helium fea-
tures are not expected to be observed significantly in our
model and we expect the explosion to be a SN Ic (Sec-
tion 3.3.3), the helium mass as well as the ejecta mass
can change depending on the initial binary configurations
(Tauris, Langer, & Podsiadlowski 2015). Many progenitors
are expected to have a helium mass above the critical helium
mass (∼ 0.1 M⊙, Hachinger et al. 2012) required to observe
optical helium features (Tauris, Langer, & Podsiadlowski
2015), and thus may be observed as SNe Ib like SN 2010X.
To summarize, the expected luminosity range of ultra-
stripped SNe is similar to that obtained with the model
used in this paper. The diversity in SN ejecta masses caused
by different progenitor systems could lead to diversity in
the rise times of ultra-stripped SNe. We indicate the ex-
pected location of ultra-stripped SNe in the phase diagram
of transients (e.g., Kulkarni 2012) in Fig. 18. It is likely
that there is a smooth transition between ultra-stripped
SNe and stripped-envelope SNe. The classical Type Ic
SN 1994I, which had an ejecta mass of only 1 M⊙(e.g.,
Iwamoto et al. 1994; Sauer et al. 2006) may be an exam-
ple of a SN Ic located between typical stripped-envelope
SNe and ultra-stripped SNe. Also, the low-mass Type Ic
SN 2007gr (Hunter et al. 2009; Mazzali et al. 2010) may be
an even more extreme case.
5.2 Event rates
Based on our spectral analysis, we have shown that
SN 2005ek and some of the Ca-rich gap transients, as well
as SN 2010X, might be related to ultra-stripped SNe. The
event rate of rapidly-evolving SNe including SN 2005ek,
SN 2010X, and SN 2002bj are estimated to be at least 1-3
per cent of SNe Ia (Drout et al. 2013). The total event rate
of the Ca-rich gap transients is estimated to be at least a
few per cent of SNe Ia (Kasliwal et al. 2012; Perets et al.
2010). Given that a part of the transients included to es-
timate the two event rates actually correspond to ultra-
stripped SNe, we can roughly estimate that the event rate
for the ultra-stripped SNe based on SN observations is at
c© 2016 RAS, MNRAS 000, 1–15
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least a few per cent of SNe Ia. Because the volumetric rates
of SNe Ia and SNe Ib/Ic are similar (e.g., Li et al. 2011),
ultra-stripped SN rates are presumed to be at least a few per
cent of SNe Ib/Ic. This rate corresponds to roughly 1 per
cent of all core-collapse SNe including SNe II (Li et al. 2011)
and matches the rough event rate estimate by Tauris et al.
(2013) (0.1−1 per cent of core-collapse SNe). Further obser-
vational and theoretical studies to better estimate the event
rate of ultra-stripped SNe are encouraged for their better
comparison.
5.3 Synergy with gravitational-wave astronomy
Because ultra-stripped SNe are presumed to lead to double-
NS systems, but not all double NS systems merge within
a Hubble time, the observed rate of ultra-stripped SNe is
expected to be larger than the rate of double-NS mergers.
Furthermore, ultra-stripped SNe may also originate in bi-
nary systems with a white dwarf or a black hole accretor
(Tauris et al. 2013). After the recent success in detecting
gravitational wave signals from merging compact objects by
advanced LIGO (Abbott et al. 2016a), it is expected that
gravitational waves from merging double-NS systems will be
detected in the near future, with advanced LIGO or other
detectors like advanced VIRGO and KAGRA. Thus, it will
soon be possible to obtain NS merger rate constraints from
gravitational wave observations. This should place a lower
limit to the rate of ultra-stripped SNe. Comparing the rates
of ultra-stripped SNe and NS mergers, we will be able to test
whether the ultra-stripped SN channel is actually the ma-
jor path to form double-NS systems, and thus to constrain
binary stellar evolution using gravitational waves.
The current constraints on the NS merger rate from
LIGO is less than 12600 Gpc−3 yr−1 (Abbott et al. 2016b).
Assuming the Galactic core-collapse SN rate of ∼ 0.01 yr−1
and ultra-stripped SN fraction of 0.1 − 1 per cent in core-
collapse SNe, we obtain an expected Galactic ultra-stripped
SN rate of ∼ 10−5 − 10−4 yr−1. If we adopt the Milky Way
equivalent galaxy density of 0.01 Mpc−3 (Kopparapu et al.
2008), we expect an ultra-stripped SN rate of ∼ 100 −
1000 Gpc−3 yr−1. This is significantly lower than the cur-
rent upper limit on the NS-NS merger rate from LIGO.
Finally, it should be noted that the distribution of
eccentricities in current observations of NS-NS binaries
(Martinez et al. 2015; Lazarus et al. 2016) supports the idea
that ultra-stripped SNe are indeed the progenitors of the
second SN in these systems, and that they often (but not
always) result in small kicks. Out of 12 NS-NS systems, 9
have an eccentricity of less than 0.3. Moreover, even rela-
tively small NS kicks of 50 kms−1 can result in post-SN
eccentricities of more than 0.5, depending on the orbital pe-
riod (Tauris et al. in preparation).
5.4 Observations of ultra-stripped SN progenitors
While it has been argued that the descendants of ultra-
stripped SNe are often close pairs of NSs in binaries, it
is much more difficult to find direct observational evidence
for the progenitors of ultra-stripped SNe. Arguably, a frac-
tion of high-mass X-ray binaries currently containing a NS
and an OB-star will eventually evolve into double NS sys-
tems. Others will merge or become disrupted in the pro-
cess. However, in between these two stages, the immedi-
ate progenitors of ultra-stripped stars would be found ei-
ther as post-common envelope naked helium stars (Wolf-
Rayet stars) or in an X-ray binary during the subsequent so-
called Case BB Roche-lobe overflow. However, these phases
are short lasting (especially the latter which is typically
< 105 yr, Tauris, Langer, & Podsiadlowski 2015) and thus
chances of detecting these systems are small, even though
the helium star is rather luminous (> 104 L⊙). One pos-
sible related observed system is Cygnus X-3 which is a
close binary system with a NS or BH and a Wolf-Rayet
star, but the mass of the Wolf-Rayet star (about 10 M⊙,
Zdziarski, Miko lajewska, & Belczyn´ski 2013) is too high to
correspond to an ultra-stripped SN progenitor.
6 CONCLUSIONS
We have presented synthetic LCs and spectral properties of
ultra-stripped SNe. We evolved the ultra-stripped SN pro-
genitor presented previously (Tauris et al. 2013) until core
collapse, calculated its explosive nucleosynthesis, and then
synthesized LCs and spectra. Our ultra-stripped SNe have
explosion energies of 1 − 5 × 1050 erg and ejecta masses of
∼ 0.1M⊙. Explosive nucleosynthesis calculations show that
they produce about 0.03 M⊙ of
56Ni. We also found that
ultra-stripped SNe have rise times of 5− 10 days and their
peak luminosity is ∼ −16 mag or 1042 erg s−1.
Several types of transients have been found that have
rise times and peak luminosities similar to those expected
for ultra-stripped SNe. They show diverse spectral prop-
erties. We compared our synthetic spectra with those of
rapidly-evolving transients showing LCs similar to those of
our synthetic ultra-stripped SN LCs, and found that the
spectra of SN2005ek, some of so-called Ca-rich gap tran-
sients, and SN 2010X match reasonably well our synthetic
ultra-stripped SN spectra. Not all Ca-rich gap transients
have similar properties to our ultra-stripped SNe, indicat-
ing that this group of transients may include events with
different origin. For example, the spectra of PTF10iuv are
consistent with our ultra-stripped SN spectra, while those
of SN 2005E are not. If all the transients above mentioned
are actually from ultra-stripped SNe, the event rate of ultra-
stripped SNe would be about one per cent of all stripped-
envelope SNe.
It has been suggested that ultra-stripped SNe may be a
major evolutionary path to form double-NS systems which
could merge within a Hubble time and that double-NS sys-
tems left by ultra-stripped SNe may dominate the pop-
ulation of merging double-NS systems which is expected
to be observed by GW observatories (Tauris et al. 2013;
Tauris, Langer, & Podsiadlowski 2015). If this is true, we
expect the NS merger rate to be comparable to or some-
what smaller than that of ultra-stripped SNe.
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